The protein tyrosine kinase Pyk2 acts as an upstream regulator of mitogen-activated protein (MAP) kinase cascades in response to numerous extracellular signals. The precise molecular mechanisms by which Pyk2 activates distinct MAP kinase pathways are not yet fully understood. In this report, we provide evidence that the protein tyrosine kinase Src and adaptor proteins Grb2, Crk, and p130Cas act as downstream mediators of Pyk2 leading to the activation of extracellular signal-regulated kinase (ERK) and c-Jun amino-terminal kinase (JNK). Pyk2-induced activation of Src is necessary for phosphorylation of Shc and p130Cas and their association with Grb2 and Crk, respectively, and for the activation of ERK and JNK cascades. Expression of a Grb2 mutant with a deletion of the amino-terminal Src homology 3 domain or the carboxyl-terminal tail of Sos strongly reduced Pyk2-induced ERK activation, with no apparent effect on JNK activity. Grb2 with a deleted carboxyl-terminal Src homology 3 domain partially blocked Pyk2-induced ERK and JNK pathways, whereas expression of dominant interfering mutants of p130Cas or Crk specifically inhibited JNK but not ERK activation by Pyk2. Taken together, our data reveal specific pathways that couple Pyk2 with MAP kinases: the Grb2/ Sos complex connects Pyk2 to the activation of ERK, whereas adaptor proteins p130Cas and Crk link Pyk2 with the JNK pathway.
The MAP 1 kinase family comprises three distinct kinases: extracellular signal-regulated kinase (ERK), c-Jun amino-terminal kinase/stress-activated protein kinase (JNK/SAPK), and p38 MAP kinase (1) . MAP kinases have been implicated in the regulation of several fundamental cellular processes by transmitting extracellular signals from the cell membrane to the nucleus (1) (2) (3) . Different MAP kinases are activated by signaling pathways composed of small GTPases and cytoplasmic kinase cascades (1) . Key components of the ERK pathway include the small GTPase Ras, the serine/threonine kinase Raf, and MAP kinase kinase (Mek), which phosphorylates and activates ERK (4) . The JNK pathway is composed of the Rhorelated GTPases Rac and Cdc42 and a cytoplasmic kinase cascade in which Mek4 phosphorylates and activates JNK (5, 6) . Activated ERK and JNK phosphorylate transcription factors in the nucleus, leading to the modulation of gene expression (7) .
In most cases, the rate-limiting step in activation of the ERK and JNK pathways is the conversion of small GTPases from the inactive GDP-bound state to their active GTP-bound form (8, 9) . The GDP/GTP exchange is modulated by guanine nucleotide exchange factors (GEFs), which promote formation of the GTPbound form, and by GTPase activating proteins (GAPs), which stimulate the rate of intrinsic GTP hydrolysis of G-proteins (8) . Many GEFs for Ras and Rho-like GTPases identified in mammalian cells are bound to adaptor proteins, such as Grb2, Crk, or Nck (4, 8 -10) . These adaptor proteins are composed of a SH2 domain and of one or more SH3 domains (10) . Upon cell stimulation, the SH2 domains of Grb2, Crk, and Nck bind to tyrosine-phosphorylated docking proteins, such as Shc, IRS-1, Frs2, Gab-1, or p130Cas, or directly to protein receptor tyrosine kinases (4, 10) . Thereby, the adaptor protein/GEF complex is translocated to the plasma membrane, where GEFs catalyze the GDP/GTP exchange and activate membrane-bound GTPases (4, 10) .
The proline-rich tyrosine kinase (Pyk2) and focal adhesion kinase (FAK) constitute a distinct family of nonreceptor protein tyrosine kinases that are regulated by a variety of extracellular stimuli (11) . Pyk2 is predominantly expressed in the central nervous system and cells derived from hematopoietic lineages, whereas its alternatively spliced isoform (Pyk2-H) is specifically expressed in T and B lymphocytes, monocytes, and natural killer cells (12, 13) . Pyk2 was implicated in signaling by G protein-coupled receptors, nicotinic acetylcholine receptors, stress stimuli, and membrane depolarization in neuronal cells (12, 14 -16) . In hematopoietic cells, Pyk2 and Pyk2-H are activated by the inflammatory cytokine tumor necrosis factor ␣, stimulation of T and B lymphocyte antigen, integrin, interleukin-2, FcRI, and chemokine receptors (13, 16 -26) . Interactions of Pyk2 with Src family kinases, the Grb2/Sos complex, p130Cas, paxillin, Hic-5, and Graf were reported to regulate intracellular signaling as well as cytoskeletal and morphological changes of cells (12, 14, 18 -20, 27-29) . In addition, several reports have shown that activation of Pyk2 is necessary for the * The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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activation of ERK and/or JNK in different cell lines and in response to diverse stimuli (12, 14, 16, 30 -33) . For example, Pyk2 is required for activation of the JNK pathway but not for ERK in response to angiotensin II or chemokine receptors (31, 33) . In PC12 cells, Pyk2 appears to link bradykinin and lysophosphatidic acid receptors with ERK (12, 14) and stress stimuli with the activation of JNK (16) . However, the molecular mechanisms by which Pyk2 transmits extracellular signals to specific MAP kinase signaling networks that control diverse cell responses are only partially understood. In this report, we show that Src acts in concert with Grb2/Sos and p130Cas/Crk complexes to mediate Pyk2-induced activation of specific MAP kinase cascades. Tissue Culture and Transfections-Human embryonic kidney 293T cells were maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum, penicillin (50 units/ml), and streptomycin (50 g/ml). Expression vectors for hemagglutinin antigen (HA) epitope-tagged ERK2 and JNK1 were kindly provided by C. Marshall (Institute of Cancer Research, London, United Kingdom) and M. Karin, (University of California, San Diego, CA), respectively. Expression vector containing Src kinase inactive mutant (pSGTcSrcKϪ) was kindly provided by S. Courtneidge (SUGEN, Inc.). The carboxyl-terminal tail of Sos (Sos-CT), Grb2-⌬NSH3 (deletion of N-SH3 mutant) and Grb2-⌬CSH3 (deletion of C-SH3 mutant) cloned in pCGN were kindly provided by M. Gischitzky (SUGEN Inc., San Francisco, CA), pSSR␣-Crk-SH2 m (Crk SH2 R38V mutant), and pSSR␣-p130Cas⌬SD (a deletion of 213-514 amino acids) are described elsewhere (34 -37) . Expression vectors containing FLAG-tagged paxillin (pCMV-Paxillin) and a paxillin triple mutant Y31F/Y118F/Y187F, which is unable to bind to Crk (pCMV-Pax Y31F/Y118F/Y187F), were provided by F. Giancotti (Memorial Sloan-Kettering Cancer Center). Wild type Pyk2, Y402F mutant, and kinase inactive mutant (PKM) of human Pyk2 cloned in pRK5 have been described previously (14) . The mutagenic oligonucleotide (GAGTCAGACATTCTTCGCAGAGATTCC) and the transoligonucleotide (GAATTCGATATCACGCGTTGGCCGCCATGGC) were used to convert tyrosine 881 to phenylalanine in pRK5-Pyk2 or pRK5-Pyk2-Y402F using the in vitro mutagenesis kit from CLONTECH. The mutation was confirmed by DNA sequencing. For transient transfections, 293T cells were grown on 6-well tissue culture plates in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum. When the cells had reached 50% confluence, the medium was changed to serum-free Dulbecco's modified Eagle's medium, and the cells were incubated with expression vectors containing indicated cDNAs. After 6 h, an equal volume of 20% fetal calf serum/Dulbecco's modified Eagle's medium was added and cells were grown for an additional 40 h. Empty expression vector was added when necessary to equalize the total amount of DNA transfected to 2 g per well. Cells were lysed in Triton lysis buffer (50 mM Hepes, pH 7.5, 150 mM NaCl, 1% Triton X-100, 10% glycerol, 1.5 mM MgCl 2 , 1 mM EDTA, 0.2 mM EGTA, 1 mM sodium orthovanadate, 20 mM NaF, 1 mM Pefabloc SC, 10 g/ml aprotinin, and 5 g/ml leupeptin).
EXPERIMENTAL PROCEDURES

Reagents-All
Immunoprecipitation and Immunoblotting-Cell lysates were cleared by centrifugation at 13,000 ϫ g for 15 min at 4°C, and total protein concentrations were determined by use of the Bradford protein assay (Bio-Rad). Equal amounts of lysates were subjected to immunoprecipitation with the indicated antibodies. Anti-Pyk2 (number 600) and anti-Grb2 (50) antibodies were cross-linked to protein A beads (Zymed Laboratories Inc.) with dimethylpimelimidate (Pierce) as described (13) . After 2 h, the beads were pelleted and washed three times with lysis buffer and once with phosphate-buffered saline. SDS gel loading buffer was added, the mixture was heated to 98°C for 2 min, and proteins were resolved by SDS-PAGE. For immunoblot analysis, proteins were transferred to nitrocellulose transfer membrane using a wet transfer unit from Bio-Rad. After blocking in Tris-buffered saline (150 mM NaCl, 20 mM Tris-HCl, pH 7.7) supplemented with 5% bovine serum albumin, the filters were incubated with the appropriate antibodies for 1-2 h, washed several times with Tris-buffered saline containing 0.05% Triton X-100, and incubated with horseradish peroxidase-coupled anti-mouse IgG or protein A. The antibody-antigen complexes were visualized by a chemiluminescence detection system (Roche Molecular Biochemicals). To reprobe blots, they were incubated in stripping buffer (62.5 mM Tris-HCl, pH 6.7, 2% SDS, and 100 mM 2-mercaptoethanol) at 58°C for 25 min, washed extensively with Trisbuffered saline, reblocked as described above, and reblotted with the appropriate antibodies. To determine Src activity lysates of transfected 293T cells were subjected to immunoprecipitation with anti-Src (Ab-1) antibodies and analyzed by immunoblotting with anti-Tyr(P)-416 Src antibodies that recognize activated Src. Src kinase activity was quantified as an increase in Tyr(P)-416
Src phosphorylation as described previously (14) .
Antibodies-Polyclonal rabbit anti-Pyk2 antisera (600) and (623) were described previously (13) . Polyclonal antibodies against p130Cas (N-17) and ERK2 (C-14) were obtained from Santa Cruz Biotechnology, and mouse monoclonal anti-p130Cas (P27820) and anti-Crk (C12620) antibodies were from Transduction Laboratories. Rabbit polyclonal anti-Crk antibodies (336) were generated against a carboxyl-terminal peptide of Crk. Anti-HA tag antibodies (12CA5) were purchased from Roche Molecular Biochemicals, anti-FLAG tag antibodies (M2) were purchased from Kodak, anti-Src (Ab-1) antibodies were purchased from Oncogene Sciences and affinity purified anti-Tyr(P)-416
Src antibodies were kindly provided by A. Laudano (University of New Hampshire). Mouse monoclonal anti-phosphotyrosine antibodies (4G10) were obtained from C. Davis (New York University) and rabbit polyclonal anti-phosphotyrosine antibodies (72) were used as described previously (13) . Affinity-purified antibodies against activated ERK were kindly provided by L. Rönnstrand (Ludwig Institute for Cancer Research, Uppsala, Sweden). The use of polyclonal antisera to Grb2 (50, 86 and 327) and Shc (410) was described previously (38) .
Pyk2 in Vitro Kinase Assays-For exogenous substrate phosphorylation, equal amounts of lysates from transfected 293T cells were subjected to immunoprecipitations with antisera against Pyk2 (600). Immunoprecipitates were washed three times with lysis buffer and once with kinase buffer (50 mM Tris-HCl, pH 7.5, 5 mM MnCl 2 , 5 mM MgCl 2 ). One-half of the immunoprecipitates was analyzed by SDS-PAGE and immunoblotting with anti-Pyk2 antibodies (623), whereas the other half was incubated with 50 l of kinase buffer supplemented with 20 g of poly(Glu-Tyr) (4:1), 20 M of ATP including 5 Ci of [ 32 P]ATP for 10 min at room temperature. The reaction was stopped by addition of 25 l of SDS sample buffer, boiled for 2 min, and products were resolved by 7% SDS-PAGE. The increase in phosphorylation of poly(Glu-Tyr) was determined by quantitation with a bioimaging analyzer (Fuji BAS2000).
Determination of ERK and JNK Activities-To measure ERK2 kinase activity, polyclonal anti-ERK2 antibodies or anti-HA tag antibodies were used to precipitate ERK2 or HA-ERK2 from total cell lysates. Precipitates were washed three times with lysis buffer and twice with reaction buffer (10 mM Tris-HCl, pH 7.4, 10 mM MgCl 2 ). Myelin basic protein (MBP) (10 g) was added to each immunoprecipitate as a substrate and kinase reactions (total volume, ϳ30 l) were initiated by addition of an ATP mix (final concentration, 200 M ATP, including 1 Ci of [ 32 P]ATP), incubated at room temperature for 20 min, and stopped by the addition of 20 l of SDS sample buffer. The phosphorylated MBP was resolved by 12% SDS-PAGE, and gels were cut at the 30-kDa marker band. To assess equal kinase loads the upper part of gels was analyzed by immunoblotting with anti-ERK2 or anti-HA antibodies, and the lower part containing the phosphorylated substrate was visualized by autoradiography. The amount of 32 P incorporated into MBP was quantified using a PhosphoImager.
JNK activities were determined by in vitro kinase reactions using glutathione S-transferase (GST) c-Jun (1-79) fusion proteins as described previously (16, 34) . Briefly, lysates of cells transfected with HA-tagged JNK expression vector were incubated for 2 h on ice with polyclonal anti-HA antibodies. Immune complexes were collected on 30 l of protein A-Sepharose beads for 30 min. The beads were washed three times with lysis buffer and twice with reaction buffer (40 mM HEPES, pH 7.5, 10 mM MgCl 2 , 1 mM dithiothreitol) and assayed for phosphorylation of GST-c-Jun (1-79) in a final volume of 30 l with 100 M ATP and 2.5 Ci of [
32 P]ATP. After 20 min at 30°C the reaction was stopped by the addition of SDS sample buffer. Following SDS-PAGE, the amount of 32 P incorporated in GST-c-Jun (1-79) was determined by PhosphoImager analysis. HA-JNK expression levels were checked by anti-HA Western blotting of immune complexes, and the level of GSTc-Jun (1-79) substrate in each lane was visualized by Coomassie Blue staining.
RESULTS
Characterization of Pyk2
Mutants-To investigate the signaling pathways responsible for Pyk2-induced activation of MAP kinases, we generated a series of expression vectors encoding for Pyk2 mutants (Fig. 1A) . We first compared abilities of Pyk2, Pyk2-Y402F (tyrosine 402, the major autophosphorylation site and direct binding site for the Src SH2 domain, was mutated to phenylalanine), Pyk2-Y881F (tyrosine 881, a putative Grb2 binding site, was changed to phenylalanine), double mutant Pyk2-Y402F/Y881F and PKM to induce Src activation and tyrosine phosphorylation of proteins in human embryonic kidney 293T cells. Expression of Pyk2 or Pyk2-Y881F increased the phosphotyrosine content of cellular proteins and strongly activated endogenous Src proteins, whereas Pyk2-Y402F and Pyk2-Y402F/Y881F were severely impaired (to more than 90%) in their ability to undergo autophosphorylation, activate Src, and phosphorylate other cellular proteins (Fig. 1, B and C) . PKM was completely unable to activate Src or to induce any tyrosine phosphorylation of cellular proteins (Fig. 1, B and C) . In order to further analyze the enzymatic properties of different Pyk2 mutants, we compared their in vitro kinase activities, measured by phosphorylation of the substrate poly(Glu-Tyr). Pyk2 and Pyk2-Y881F exhibited similar catalytic activities, whereas Pyk2-Y402F and Pyk2-Y402F/Y881F had decreased activities (15-35%) as compared with the wild type enzyme (Fig. 1D) . The observed decrease in catalytic activities in vitro of these mutants could not account for the major reduction in their ability to phosphorylate cellular proteins in vivo (compare Fig. 1D to Fig. 1B) . The fact that Pyk2-Y402F and Pyk2-Y402F/ Y881F are unable to activate Src (Fig. 1C) indicates that activation of Src kinases by binding to Tyr-402 of Pyk2 plays a critical role in mediating Pyk2-induced phosphorylation of cellular proteins.
Tyrosines 881 and 402 of Pyk2 Are Necessary to Link Pyk2 with Grb2-mediated Pathways-We were further interested to identify cellular proteins that link Pyk2 with the activation of MAP kinases. Pyk2 was suggested to activate ERK by directly binding the Grb2/Sos complex or indirectly via Grb2 binding to tyrosine-phosphorylated Shc proteins (12, 14, 39) . We therefore analyzed the ability of different Pyk2 mutants expressed in 293T cells to interact with Grb2. Expression of wild type Pyk2 or Pyk2-Y881F mutant induced phosphorylation of Shc and its association with Grb2 ( Fig. 2A) , whereas expression of Pyk2-Y402F, Pyk2-Y402F/Y881F, or PKM did not lead to any significant increase in tyrosine phosphorylation of Shc or its association with Grb2 ( Fig. 2A) . In parallel, the same cell lysates were subjected to immunoprecipitation with anti-Pyk2 and anti-Grb2 antibodies and analyzed by immunoblotting with respective antibodies. Wild type Pyk2 was associated with Grb2, whereas mutation of Tyr-881 to phenylalanine in Pyk2 led to a complete loss of its ability to co-precipitate with Grb2 (Fig. 2B) , confirming that Tyr-881 of Pyk2 serves as a direct binding site for Grb2. We also found that Pyk2-Y402F, Pyk2-Y402F/Y881F, and PKM were not able to bind and co-precipitate Grb2 (Fig. 2B) . In addition, when Pyk2 was co-transfected with the increasing amounts of a Src kinase inactive mutant (SrcKϪ), the ability of Pyk2 to bind Grb2 was significantly reduced (Fig. 2C) . These data, together with previous findings (12, 39) , suggest that the kinase activity of Pyk2, autophosphorylation on Tyr-402 and transphosphorylation of Tyr stimulate both ERK and JNK activities in 293T cells (12, 14, 16) , we were further interested to analyze the ability of the Pyk2 mutants to activate different MAP kinases in these cells. Lysates of transfected 293T cells were assayed for activation of ERK2 by immunoblotting with antibodies specific for activated ERK2 or by in vitro kinase reaction using MBP as a substrate. In both experiments, expression of Pyk2 leads to approximately 4 -5-fold increase in HA-ERK2 activity (Fig. 3A) . Expression of Pyk2-Y402F or Pyk2-Y402F/Y881F did not lead to any significant activation of HA-ERK2 kinases (Fig. 3A) , whereas the mutation of Tyr-881 in Pyk2 led to approximately 20% reduction in its ability to activate ERK2 when compared with wild type Pyk2 (Fig. 3A) . Given the fact that phosphorylation of Shc was intact upon expression of Pyk2-Y881F in the same cells ( Fig. 2A) , these results suggested that Shc-linked Grb2/Sos pathways may be largely sufficient to substitute for the loss of direct Grb2 binding to Pyk2. Identical results were obtained in 293T cells transfected with Pyk2 and Pyk2 mutants when analyzed for activation of endogenous ERKs (Fig. 3B) . PKM was completely unable to activate ERK when transfected in 293T cells (Fig. 3B) , which is consistent with previous reports FIG. 2. Pyk2 connections to Grb2-mediated pathways. A, human 293T cells were transiently transfected with the indicated expression constructs, and cell lysates were subjected to immunoprecipitation with anti-Shc antibodies (410), followed by immunoblotting with antiTyr(P) (4G10; anti-pTyr), anti-Shc (410), and anti-Grb2 (86) antibodies. B, cell lysates from A were subjected to immunoprecipitation with anti-Pyk2 (600) and anti-Grb2 (50) antibodies. Co-precipitation of Pyk2 and Grb2 was monitored by immunoblotting with anti-Pyk2 (623) or anti-Grb2 (86) antibodies, respectively. C, 293T cells were transiently transfected with indicated vectors. Total cell lysates were immunoblotted with anti-Tyr(P) (4G10; anti-pTyr), anti-Pyk2 (623), and antiSrc (Ab-1) antibodies (left panel). In addition, the same lysates were incubated with anti-Grb2 antibodies (50) , and immunoprecipitants were further analyzed by immunoblotting with anti-Pyk2 (623) and anti-Grb2 (86) antibodies (right panel).
FIG. 3. Activation of ERK and JNK by different Pyk2 mutants.
A, 293T cells were transiently transfected with HA-ERK2 together with an empty vector (pRK5) or with indicated Pyk2 constructs. Left panel, cell lysates were analyzed by immunoblotting with antibodies against Pyk2 (623), HA-tag, or antibodies specific for activated ERK2 (antipERK2). Right panel, ERK2 activation was measured in serum-starved cells by immune complex kinase assays using MBP as a substrate. The amount of 32 P incorporated into MBP was determined using a bioimaging analyzer. Fold increase in phosphorylation of MBP is indicated. The levels of HA-ERK2 were analyzed by immunoblotting with anti-HA antibodies. B, total cell lysates of 293T cells transfected with indicated Pyk2 vectors were subjected to immunoblotting with anti-ERK2 (C-16) antibodies and antibodies specific for activated ERK2 (anti-pERK2). C, 293T cells were transfected with HA-tagged JNK1 (0.5 g) and Pyk2 cDNAs (1 g) as indicated, and JNK kinase assays were performed. JNK activity was determined by quantitation of the level of GST-c-Jun (1-79) phosphorylation with a bioimaging analyzer. Shown is a plot indicating fold increase in JNK activity relative to that of activity from cells transfected with the wild type Pyk2. D, 293T cells were transfected with HA-tagged JNK1 (0.5 g), Pyk2 cDNAs (1 g), and increasing amounts of Src kinase inactive mutant (SrcKϪ) as indicated, and JNK kinase assays were performed. Shown is a plot indicating fold increase in JNK activity relative to that of activity from cells transfected with the wild type Pyk2. (12, 14) . In addition, we have previously reported that inhibition of endogenous Src by expression of Csk leads to inhibition of Pyk2-induced ERK activation (14) .
We next tested the activation of JNK in the same cells. Expression of wild type Pyk2 in 293T cells led to a 5-fold increase in JNK activity, measured by in vitro phosphorylation of a GST-c-Jun (1-79) fusion protein (16) (Fig. 3C) . JNK activation induced by the expression of Pyk2-Y402F, Pyk2-Y402F/ Y881F, and PKM was significantly weaker (up to 50 -60%) when compared with values obtained by expression of Pyk2 or Pyk2-Y881F (Fig. 3C) . In order to strengthen the importance of Tyr-402-mediated Src activation for the ability of Pyk2 to induce JNK activation, we have co-expressed Pyk2 with a Src kinase inactive mutant and analyzed the activation of JNK in these cells. Pyk2-induced increase in JNK activation was significantly reduced in the presence of increasing amounts of a dominant interfering form of Src (Fig. 3D) . Together, these findings indicate that the kinase activity of Pyk2 and Tyr-402-linked activation of Src kinases play major roles in pathways connecting Pyk2 with activation of ERK and JNK.
Differential Quantitative Requirements for Grb2 SH3 Domain-mediated Pathways in Regulating Pyk2-induced Activation of ERK and JNK-In order to analyze the involvement of
Grb2 and Sos in the Pyk2-induced activation of ERK or JNK, we made use of dominant interfering forms of Grb2 and Sos. Expression of Grb2 variants with a deletion of the carboxylterminal SH3 domain (Grb2-⌬NSH3), a deletion of the carboxyl-terminal SH3 domain of Grb2 (Grb2-⌬CSH3), or expression of the carboxyl-terminal tail of Sos (Sos-CT) were previously shown to dissociate the endogenous Grb2/Sos complex and act as dominant interfering mutants on activation of the ERK pathway by several stimuli (14, 40, 41) . Because Pyk2 can activate ERK by both direct binding of Grb2/Sos complex to Pyk2 or indirectly by binding to Shc (Fig. 2) , expression of dominant interfering mutants of Grb2 or Sos should block both pathways by which Pyk2 potentially activates ERK. Expression of Pyk2 together with Grb2-⌬NSH3 or Sos-CT led to a strong inhibition of Pyk2-induced ERK activation (Fig. 4A) , whereas Grb2-⌬CSH3 was only partially efficient (Fig. 4A) . Surprisingly, Grb2-⌬CSH3, but neither Grb2-⌬NSH3 nor Sos-CT, reduced the JNK activity upon Pyk2 overexpression (Fig.  4B) . We further tested whether Grb2 and CrkII can enhance the ability of Pyk2 to activate MAP kinase pathways. Overexpression of Grb2 to approximately 5-fold over endogenous levels together with Pyk2 led to a strong increase in Pyk2-induced ERK activation, whereas 5-fold overexpression of CrkII did not significantly affect the ability of Pyk2 to activate ERK (Fig.  4A) . In addition, co-expression of wild type Grb2 or CrkII with Pyk2 in 293T cells led to an increase in JNK activation as compared with the JNK activation induced by expression of Pyk2 alone (Fig. 4B ). It appears, therefore, that a Grb2/Sos complex formation is essential in coupling Pyk2 with ERK, whereas CrkII-mediated and additional Grb2-SH3 domain-mediated pathway may be important for the activation of JNK.
Pyk2 Induces Phosphorylation of p130Cas and Its Association with Crk via Activation of Src Kinases-Because we have observed that co-expression of Pyk2 and the adaptor protein CrkII leads to an increase in JNK activity as compared with cells expressing Pyk2 alone (Fig. 4B) , and because it has been demonstrated that the docking protein p130Cas constitutively associates with Pyk2 (18), we were interested to study the role of Crk and p130Cas in Pyk2 signaling. It is known that phosphorylated p130Cas serves as an anchoring protein for the SH2 domain of Crk (42) . We therefore examined whether phosphorylated p130Cas recruits Crk upon expression of Pyk2 and tested the requirement of specific tyrosine residues of Pyk2 to induce p130Cas phosphorylation and association with Crk. Expression of Pyk2 or Pyk2-Y881F led to a pronounced phosphorylation of p130Cas and its association with Crk (Fig. 5) . In contrast, Pyk2-Y402, Pyk2-Y402F/Y881F, and PKM were unable to induce either tyrosine phosphorylation of p130Cas or its association with Crk (Fig. 5) . This also indicates that p130Cas might be phosphorylated by Src, which is activated upon binding to Tyr-402 of Pyk2 (Fig. 1C) . Indeed, overexpression of a Src
FIG. 4. The Grb2/Sos complex links Pyk2 with ERK activation.
A, 293T cells were transiently transfected with HA-ERK2 (0.5 g) and additional expression vectors: empty vector alone (pRK5), a Pyk2 construct (Pyk2), or Pyk2 together with vectors encoding Grb2, CrkII, Grb2 with a deleted amino-terminal SH3 domain (Grb2-⌬NSH3), Grb2 with a deleted SH3 domain (Grb2-⌬CSH3), or the carboxyl-terminal tail of Sos (Sos-CT), respectively. ERK2 was immunoprecipitated, and activity was measured by in vitro kinase reactions. The graph indicates percentage in ERK activity relative to that measured with Pyk2 expression vector alone from three independent experiments. Statistical significance was calculated using a Student's t test for paired samples; *, p Ͻ 0.05. B, cells were transfected with HA-tagged JNK1 (0.5 g) together with pRK5 (1 g), Pyk2 (0.5 g of Pyk2 ϩ 0.5 g of pRK5), or Pyk2 (0.5 g) plus 0.5 g of the following cDNAs: Grb2-⌬NSH3, Grb2-⌬CSH3, Sos-CT, Grb2, or CrkII, respectively. JNK kinase assays were performed, and data are presented as differences in JNK activity relative to the values obtained in cells transfected with Pyk2 expression vector alone.
kinase inactive mutant together with Pyk2 led to a decrease in Pyk2-induced p130Cas phosphorylation (Fig. 5A, right panel) . The fact that p130Cas constitutively binds to all Pyk2 mutants but recruits Crk only in cells expressing wild type Pyk2 or Pyk2-Y881F suggests that differential phosphorylation of p130Cas regulates signal transmission to Crk proteins (Fig. 5B) .
The p130Cas/Crk Complex Specificaly Links Pyk2 with the JNK Pathway-We next analyzed a role for p130Cas and Crk in mediating ERK and JNK activities downstream of Pyk2. Deletion of the substrate domain (amino acids 213-514) of p130Cas (p130Cas-⌬SD) or a mutation in the SH2 domain of Crk (Crk-SH2M-R38V) were previously shown to interfere with endogenous p130Cas/Crk signaling (34, 35) . Activation of Pyk2-induced JNK and ERK was analyzed in cells co-expressing Pyk2 with p130Cas-⌬SD or Crk-SH2M. The Pyk2-induced activation of ERK was not blocked by the presence of p130Cas-⌬SD or Crk-SH2M (Fig. 6A) . In contrast, expression of p130Cas-⌬SD and Crk-SH2M together with Pyk2 led to strong reduction in the JNK activity when compared with cells expressing Pyk2 alone (Fig. 6B) . Hence, the p130Cas/Crk complex seems to specifically link Pyk2 with activation of JNK. These results are consistent with data showing that expression of Crk leads to an increase in JNK, but not a significant increase in ERK activity (Fig. 4) (34) .
Recent evidence also suggested that Crk binding to paxillin might play an important role in signaling by IGF-1 and growth hormone receptors (43, 44) . Paxillin contains three tyrosines FIG. 5 . Pyk2 induces association of p130Cas and Crk via activation of Src. A, total lysates from 293T cells transfected with indicated cDNAs were subjected to immunoprecipitation with polyclonal anti-phosphotyrosine antibodies (72) and analyzed by immunoblotting with anti-p130Cas (P27820) antibodies. Lysates used in the right panel are from the same experiment as that described in Fig. 2C . B, 293T cells were transiently transfected with indicated Pyk2 expression vectors (1 g) together with pSSR-CrkII (0.5 g) and pSSR-p130Cas (0.5 g). Lysates were subjected to immunoprecipitation with anti-p130Cas (N-17, P27820) antibodies and analyzed by immunoblotting with antiTyr(P) (4G10; anti-PTyr), anti-Pyk2 (623), anti-Crk (C12620), and antip130Cas (P27820) antibodies. (Tyr-31, Tyr-118, and Tyr-181) in Tyr-X-X-Pro motifs that are optimal for binding to the Crk-SH2 domain (45, 46) . In addition, it is well established that paxillin constitutively associates with Pyk2 (20, 27) and could thus link Pyk2 to the Crk-mediated activation of JNK. In order to test this hypothesis, we co-expressed Pyk2 with either paxillin or a paxillin triple mutant in which Tyr-31, Tyr-118, and Tyr-187 were mutated to phenylalanine. This mutant form of paxillin is unable to bind to Crk (46) . Overexpression of paxillin or paxillin Y31F/Y118F/ Y187F mutant did not significantly change the ability of Pyk2 to induce JNK activation, suggesting that Crk binding to paxillin does not link Pyk2 with the JNK pathway in 293T cells (Fig. 6C) .
DISCUSSION
Pyk2 plays important roles in signal transmission from a broad range of transmembrane receptors toward the MAP kinase module in various cell types . The expression of dominant interfering mutants of Pyk2 has been shown to block ERK activation in response to membrane depolarization, stimulation of bradykinin, lysophosphatidic acid, or adrenergic Gprotein-coupled receptors (12, 14, 32) . Pyk2 mutants were also shown to reduce the JNK signaling in response to osmotic stress stimuli, UV irradiation or chemokine treatment (16, 33) . So far, very little is known about the signals downstream of Pyk2 that mediate the selective activation of the ERK pathway versus JNK pathway.
In the present study, we have identified Src, Grb2/Sos, and p130Cas/Crk complexes as critical factors in coupling Pyk2 with the activation of MAP kinase cascades (Fig. 7) . A mutant form of Pyk2 (Pyk2-Y402F) that is unable to bind and activate Src is impaired in its ability to induce association of Grb2 with Shc, binding of Crk to p130Cas and stimulation of the ERK and JNK cascades. This is supported with data showing that inhibition of Src kinases by expression of Csk or Src kinase inactive mutants not only leads to strong reduction of Pyk2 tyrosine phosphorylation and its association with Grb2, but also inhibits phosphorylation of p130Cas and activation of ERK and JNK induced by Pyk2 (Figs. 1-3 and 5 ) (14) . The functional significance and mechanisms behind the formation of a Pyk2/Src complex resemble those described for interactions between FAK and Src (47, 48) . Calalb et al. (49) have demonstrated that phosphorylation of tyrosines 576 and 577 of FAK by Src is necessary for maximal FAK kinase activity. These residues correspond to tyrosines 579 and 580 of human Pyk2 and are located within the activation loop of the catalytic domain, a region responsible for phosphorylation-dependent regulation of protein kinase activity. The observation that Pyk2-Y402F displays partially reduced kinase activity might also indicate that phosphorylation in the catalytic domain of Pyk2 by activated Src is a prerequisite for full kinase activity of Pyk2. It appears therefore that the formation of a Pyk2-Src complex via binding to Tyr-402 might have a dual function. On one hand, it allows Src to phosphorylate Pyk2 within the carboxyl terminus (Tyr-881) and probably within the catalytic domain (Tyr-579 and Tyr-580), which promotes Grb2 binding and enhances Pyk2 kinase activity, respectively. On the other hand, activated Src bound to Pyk2 might directly phosphorylate adjacent cellular proteins, such as Shc and p130Cas, and thus amplifies signals from Pyk2 to downstream effectors. Therefore, it is not surprising that Pyk2-Y402F, which fails to complex with Src, is very weakly tyrosine-phosphorylated and is unable to induce phosphorylation of other cellular proteins (Fig. 1) .
It is well established that a key event in regulation of the ERK pathway is the translocation of an adaptor protein/Ras GEF complex, such as Grb2/Sos, to the vicinity of membranelocalized Ras (4). In the case of Pyk2, translocation of the Grb2/Sos complex is mediated by direct binding of the SH2 domain of Grb2 to Tyr-881 of Pyk2 or by association with the tyrosine-phosphorylated adaptor protein Shc (Fig. 2) . Expression of Grb2 with a deletion of the amino-terminal SH3 domain or the carboxyl-terminal tail of Sos led to strong inhibition of Pyk2-induced ERK, but no JNK activation (Fig. 4) . Hence, the Grb2/Sos complex is largely necessary for stimulation of the ERK pathway upon activation of Pyk2. These results are consistent with data showing that Grb2 and Sos act downstream of Pyk2 and link lysophosphatidic acid and bradykinin receptors with the ERK cascade (14) . Surprisingly, expression of Grb2 with a deletion of the carboxyl-terminal SH3 domain also inhibited Pyk2-induced JNK activity (Fig. 3) . This suggests the existence of additional effectors bound to the SH3 domain of Grb2 that are involved in Pyk2-induced activation of JNK. It has been previously observed that the C-SH3 domain of Grb2 binds only weakly to Sos proline-rich sequences and is dispensable for signaling to the Ras pathway in Drosophila (50 -52) . Furthermore, several biochemical evidence indicates that Grb2 SH3 domains have additional effectors and that multiple pools of Grb2 may exist in mammalian cells. For example, Vav was found to associate primarily with the carboxyl terminus, whereas C3G bound selectively to the amino-terminal SH3 domain of Grb2 (53) . Vav contains a Dbl domain able to regulate Rho-like GTPases and thus acts as an upstream regulator of the JNK pathway (54) . In addition, the carboxyl-terminal SH3 domain of Grb2 binds strongly to proline-rich sequences of the hematopoietic progenitor kinase-1 (HPK1) (55) . HPK1 is a serine/threonine protein kinase that has been shown to interact with the mixed lineage kinase (MLK3), which in turn, can stimulate MEKK4, thereby leading to the activation of JNK (5, 56) . Recent findings by Pomerance et al. (57) indicate that the carboxyl-terminal SH3 domain of Grb2 can also bind directly to MEKK1 and thus links EGF receptors with JNK activation. These findings suggest that Grb2 may couple to cytoplasmic serine/threonine kinases via its carboxyl-terminal SH3 domain and directly activate JNK.
Furthermore, our studies have revealed a new role for the p130Cas/Crk complex in signaling by Pyk2. Recent data have shown that Pyk2 expression and activation can enhance the tyrosine phosphorylation of p130Cas, which is constitutively bound to Pyk2 (27) . In this report, we show that Src, and not Pyk2 itself, mediates phosphorylation of p130Cas and that formation of a p130Cas/Crk complex specifically links Pyk2 with the activation of JNK (Figs. 5 and 6 ). Once phosphorylated, p130Cas acts as a docking protein to recruit Crk and its effectors (58, 59) . The SH3 domains of Crk bind to several effectors able to activate JNK, including C3G, DOCK180, and Sos (60 -62) . Pioneering work by H. Hanafusa and co-workers (61) showed that transient expression of Crk leads to the activation of JNK in 293T cells, which is mediated by the guanine nucleotide exchange factor C3G. DOCK180 has previously been implicated in up-regulation of the p130Cas/Crk-mediated signaling pathways and was shown to activate Rac1 and JNK (34, 59, 63) . Recent evidence suggests that Sos may directly act as an GEF for Rac, which could in turn activate the JNK signaling cascade (64) . Consistent with these observations, overexpression of Sos in Cos-7 cells leads to activation of JNK (34) . However, Pyk2-induced JNK activation was not inhibited by expression of a dominant interfering form of Sos, whereas ERK activity was efficiently blocked (Figs. 4 and 6 ). This suggests that Sos specifically links Pyk2 with the ERK, but not JNK, cascade in 293T cells. The fact that dominant interfering mutants of p130Cas and Crk partial inhibited (up to 50 -60%) Pyk2-induced JNK activation (Fig. 6) , indicated to the presence of redundant signaling pathways involved in Pyk2-mediated JNK activation. Other cellular proteins bound to Pyk2 might therefore be involved in regulation of the JNK cascade. Paxillin is an adaptor protein that constitutively binds to the carboxylterminal tail of Pyk2 (20, 27) and is complexed with Crk in IGF-1 and growth hormone-stimulated cells (43, 44) . These data indicate that paxillin could couple Pyk2 with Crk-mediated JNK activation. Expression of a paxillin mutant that cannot bind to Crk together with Pyk2 had no effect on the ability of Pyk2 to activate JNK (Fig. 6C) , indicating that Crk binding to paxillin is dispensable for Pyk2-mediated JNK activation. In accordance with these data, it has been recently shown that the CrkII/p130Cas, but not CrkII/paxillin, complex formation is required for cytoskeleton organization and anchorage-dependent DNA synthesis in Rat-1 fibroblasts (65). Additional cellular proteins, such as Graf (the GTPase-activating protein for Rho), Nirs (amino-terminal domain-interacting receptors), and Pap proteins, were also shown to constitutively associate with Pyk2 and participate in broad range of signaling pathways in cells (28, 66 -68) . Whether they directly or indirectly participate in Pyk2-induced JNK activation remains to be investigated.
In conclusion, these data indicate that Src acts in concert with adaptor proteins Grb2 and p130Cas/Crk linking Pyk2 to ERK and JNK pathways, respectively. The results of the present study fully support a model in which the formation of Pyk2-Src complexes, by Src binding to autophosphorylated Tyr-402, is critical for phosphorylation of Shc, p130Cas, and Pyk2 itself (Fig. 7) . Thereby, binding sites for SH2 domains of the adaptor proteins Grb2 and Crk are created, which in turn recruit different effector proteins that activate ERK and JNK cascades. The specificity in signaling by various Grb2 and Crk effector pathways in different physiological processes remains to be further investigated. One could anticipate that tissuespecific expression and/or mutual interactions of Grb2 and Crk effectors will correlate well with the threshold activation of a target pathway, ERK or JNK, in a particular cell type and in response to specific stimuli.
